Abstract: This paper presents the analysis of position dependent damping (PDD) and a methodology for estimation of its parameters for passive suspension of vehicles. The time domain simulation of a quarter-car model with non-linear PDD is performed over the generated random road profile for different forward speeds of vehicle. The time domain response is transformed to frequency domain power spectral density (PSD) and root mean square (RMS) response is determined. Also, the time domain simulation with half sine bump is performed to obtain the bump response spectrum to evaluate the performance of vehicle suspension to transient road excitation. The performance of passive suspension with PDD is compared with that of linear damping in terms of ride comfort, suspension travel and road holding ability. It is shown that the concept of PDD has potential to improve the performance of vehicle suspension by minimising the well-known ride-handling conflict associated with passive suspensions.
Introduction
The passive suspension system of a vehicle with conventional linear damper is associated with the well-known ride-handling conflict. It has limitations to satisfy the conflicting requirements of ride comfort and vehicle handling since it is subjected to broad spectrum of excitation frequencies. Passive suspension with soft damping has lower acceleration transmissibility and thus better ride comfort at higher excitation frequencies. While soft damping has large dynamic deflection at lower excitation frequencies near resonance, it results in increased suspension travel and large variation of dynamic tyre load causing poor vehicle handling. Therefore, high damping is desirable near resonance to minimise the effects of large dynamic deflection. This conflict is associated with the use of a conventional damper because the damping coefficient is constant and the damper force is a function of relative velocity and is independent of position or relative displacement across the damper. Use of active and semi-active suspension can improve the ride as well as vehicle handling significantly but at increased cost and complexity (Dixon, 2007) .
The characteristic of road excitation spectrum is such that the excitation displacement is large at low frequencies and decreases with increase in frequency. Therefore, the desirable damping characteristic is such that the damping should increase with excitation displacement that is a position dependent damping (PDD) (Dharankar and Hada, 2011) . The literature search reveals that when damper force depends on relative displacement along with relative velocity, the performance is better (Fukushima et al., 1983 (Fukushima et al., , 1984 . Therefore, passive hydraulic dampers with position or displacement sensitivity will be an attractive option for cost-conscious vehicle manufacturers (Dixon, 2007) .
The concept of PDD is not new and it has been utilised in recoil mechanism of guns, where it is called variable orifice area damping (Bhatnagar et al., 2009 ). Snowdon (1970) has proposed the concept of velocity-dependent dual-phase damping for the design of shock and vibration isolation mounts in which the high and low damping coefficients are used for low and high velocities, respectively. Guntur and Sankar (1982) have extended this concept to the six different types of dual-phase damping conditions based on displacement, velocity and acceleration with low to high and high to low damping coefficient. Sankar et al. (1994) have analysed the displacement-dependent dual-phase damping with low to high and high to low damping coefficient and concluded that the low to high type of displacement-dependent dual-phase damping has greater potential to improve the performance of vibration isolation. The limited literature is available on the PDD and its application in vehicle suspension (Dharankar and Hada, 2011; Etman et al., 2002; Fukushima et al., 1983 Fukushima et al., , 1984 Ilbeigi et al., 2012; Kalyan and Padmanabhan, 2009; Moon, 2005, 2006) . Fukushima et al. (1983 Fukushima et al. ( , 1984 presented a study to obtain optimum characteristics of automotive shock absorbers under various driving conditions and road surfaces, perhaps a first attempt to recognise the need of stroke-dependent damping for vehicle suspension. It was shown that the damper force as a function of velocity only is a limitation and that of stroke is highly desirable. They proposed a hydraulic damper with stroke-sensitive vortex valve, which produces damper force by vortex flow. The resistance developed by the proposed valve increases with both velocity and stroke of piston, thereby achieving the stroke-dependent damping characteristic.
The performance of vehicle suspension needs to be evaluated in terms of root mean square (RMS) response when excitation is random road. For linear suspension, it can be obtained by direct spectral simulation without going through time domain simulation. In spectral simulation, response power spectral density (PSD) of the system is obtained from its harmonic transfer function and input or excitation PSD, then mean square or RMS response is obtained by integrating the area under PSD spectrum. Since PDD is a kind of non-linear damping, the performance evaluation and analysis of vehicle suspension with PDD is not possible through spectral simulation and requires the time domain simulation. The key in time domain simulation of vehicle suspension is the generation of random road excitation. Dharankar et al. (2017) proposed a numerical technique for the generation of Gaussian random road profile in spatial domain from PSD, which can be transformed to the time domain road excitation by considering forward speed of vehicle. Dharankar and Hada (2011) proposed a suitable PDD curve for smooth variation of damping coefficient with position for improving the performance of passive suspension of vehicles. The parameters were identified for complete specification of PDD and obtained their optimum values based on maximum energy dissipation criteria. On the basis of simulation results of single degree of freedom (DOF) vehicle model with transient bump and steady-state harmonic excitation, it was shown that the PDD helps to reduce the gap between conflicting requirements of ride comfort and road holding in vehicle suspension systems. A two-DOF quarter car, which is an appropriate simulation model, and a realistic random road excitation were not used in the study. Also, the detailed analysis of PDD curve was not presented. Moon (2005, 2006 ) proposed a mathematical model of displacementsensitive shock absorber (DSSA) based on fluid flow principles for automotive application. A twin-tube type passive shock absorber with a longitudinally grooved pressure cylinder to relax the damping around the central position was considered to study the operating principles of the DSSA. To improve the performance of vehicle suspension for both handling and ride comfort, the proposed model of the DSSA was considered as two modes, soft and hard damping according to the position of the piston. The study did not focus on the selection of soft and hard modes of damping and the variation of damping coefficient between these modes. The effectiveness of the proposed model was shown by considering it in simulation of two-DOF quarter-car model with constant velocity sine sweep excitation. Though PSD of the excitation signal is similar to that of ISO road, the realistic random road is far different than the sine sweep signal. Kalyan and Padmanabhan (2009) proposed a conceptual passive non-linear hydraulic damper design with stroke-sensitive damping. A damper with a cylinder bore tapered on both the sides with decreasing diameter towards the end is considered to achieve stroke-sensitive damping. The proposed damper is considered in a quarter-car vehicle model along with a non-linear spring for computer simulation. The random road excitation is modelled directly in time domain using the method of white noise filtration without any consideration to the simulation time step or sampling frequency. The RMS values of performance metrics are presented for single simulation run for a particular vehicle speed and road roughness, which is not sufficient to compare the performances of non-linear and linear suspension. It has been shown by Dharankar et al. (2017) that the method of white noise filtration is not suitable for the generation of ISO road profile, unless a particular sampling frequency is used, which is equal to twice of upper frequency in the spectrum, and suggested a method of superposition of harmonics (SOH) for this purpose. Therefore, in this work, the method of SOH is used to generate road profile first in spatial domain and then the profile is used for time domain simulation of a quarter-car vehicle model for different forward speeds of vehicle. Ilbeigi et al. (2012) proposed a scheme for non-linear displacement-dependent (NDD) damper and its mathematical model. The mechanism of damper force generation in hydraulic damper with constant orifice is utilised for generation of NDD damping force by replacing the constant orifice with displacement-dependent orifice opening. The mathematical model of NDD was considered in single-DOF vehicle model and presented an approximate analytical solution for free response and concludes that the NDD damping has more energy dissipation than that of the conventional linear damper. Etman et al. (2002) studied the effect of stroke-dependent damping for the front axle suspension of a truck through simulation of quarter-car model and full-scale model of tractor-semitrailer combination. It was shown that the stroke-dependent damping can reduce large deflections at incidental road disturbances and the optimum stroke-dependent damping curve is related to the acceleration bound. From the literature on PDD, it is observed that the previous studies did not focus on the variation of damping coefficient between low and high damping levels and PDD parameters are not defined properly. The parameters seem to be chosen arbitrarily without proper justification. This paper presents a detailed analysis of PDD curve, which is useful for understanding the significance of PDD parameters and their estimation. The bounds for PDD parameters are obtained for the purpose of designing a PDD for vehicle suspension. A systematic approach is presented for the estimation of PDD parameters by considering the characteristics of road excitation and vehicle vibration. A methodology is presented for time domain simulation and analysis of vehicle suspension with transient bump and random road excitation to compare the performance of linear and non-linear suspension models. The aim of this paper is to resolve the arbitrariness in the design of PDD and explore its potential for improving the performance of vehicle suspension by minimising the well-known ride-handling conflict associated with passive suspensions.
Model of position dependent damping
The characteristic of road excitation is such that the excitation displacement is large at low frequencies and decreases with increase in frequency. Also, any kind of road excitation produces relative motion across the suspension damper such that relative velocity decreases towards the end of stroke to zero. This generates smaller damping force near the end of stroke resulting in lower energy dissipation in case of conventional damper. Dharankar and Hada (2011) proposed a PDD curve such that it has low damping coefficient at mean position and slowly increases to maximum towards the end of stroke as shown in Figure 1 . When vehicle suspension is subjected to high-frequency (low amplitude) excitations, the PDD works like a conventional soft damper to provide ride comfort. On the other hand, near resonance, as amplitude tries to build it, provides high damping to attenuate the vibrations. The length of PDD can be divided in three zones, viz., zone of constant minimum damping coefficient (soft damping zone), zone of constant maximum damping coefficient (high damping zone) and an intermediate transition zone. In transition zone, when piston moves away from mean position, initially the slope of curve increases from zero up to transition point I and then it again decreases to zero and remains constant in high damping zone.
The equation of PDD curve, which is suitable for vehicle suspension, is expressed as (Dharankar and Hada, 2011) ,
Then, position-and velocity-dependent non-linear damping force f d is expressed as,
where z r is the position of piston with respect to mean position on cylinder of damper and r z is the damper velocity, i.e., relative velocity of piston with respect to cylinder of damper, c is the PDD coefficient and c 0 is the minimum damping coefficient (N-s/m), i.e., damping coefficient at mean position z r = 0, a is a non-dimensional parameter, which determines the slope of curve at transition point I and, therefore, the steepness of curve in transition zone for a given value of h as per equation (10), b is called a shift parameter; it is a non-dimensional parameter, the change in which shifts the curve along z r axis by an amount equal to (∆b S⁄a), thereby changing the lengths of soft and high damping zones as per equation (8), S is the length of PDD from mean position beyond which the damping coefficient remains constant and equal to its maximum saturated value c m , h is a parameter defining maximum damping coefficient c m and also determines the slope of curve at transition point I. 
The slope at any point on the curve is obtained by differentiating equation (1) as,
The change in slope at any point on the curve is obtained by differentiating equation (5) as,
The positions z r1 and z r2 corresponding to zero slope are obtained by setting c′ (z r ) = 0 and using results, sech (θ > 2π) = 0, sech (θ < -2π) = 0 as, 
The position z rI corresponding to transition point (I) at which change in slope is zero is located by setting c″ (z r ) = 0 and using results, sech (θ > 2π) = 0, sech (θ < -2π) = 0 and tanh (0) = 0 as,
The condition sech[ ] = 0 is already considered to obtain the results of equation (7), so second condition tanh[ ] = 0 gives the location of transition point (I) as,
The damping coefficient and slope at transition point I are,
From equation (10), it is seen that increase in the values of both a and h increases the slope at transition point I and, therefore, increases the steepness of curve in the transition zone. Referring to Figure 1 , the lengths of soft damping, high damping and transition zone are obtained from equation (7) as, S s = z r1 , S h = S -z r2 , and
, a n d
The effect of PDD parameters on PDD curve
The PPD for vehicle suspension can be completely specified by using five parameters, viz., S, c 0 , h, a and b. The parameters h, a and b determine the shape of curve and these are non-dimensional parameters. The bounds for these parameters are obtained by considering equations (3) and (4) as follows:
To ensure that the damping coefficient at mean position is c 0 , the condition b ≥ 1 has to be followed, otherwise c(0
To ensure that the maximum damping coefficient c m = c 0 h, which remains constant for z r ≥ S, the condition a -b > 1 has to be followed. To make PDD effective, the bounds for PDD parameters are suggested as,
For h = 1 or (a -b) ≤ -1, the damper works like a conventional damper with constant damping coefficient. The effect of parameters h, a and b on damping coefficient curve is shown in Figures 2 and 3 . The steepness of the curve in transition zone increases with the parameter a for a given value of h. The length of soft damping zone increases with the parameter b but there is a decrease in high damping zone. At lower values of b < 1, there is an increase in minimum damping coefficient above c 0 at mean position. It can be seen that the values of S s and S h that are obtained from equation (11) are mathematical values, but practically the regions of soft and high damping zone are extended to higher values and, therefore, the intermediate zone S i is of smaller value than its mathematical value. For a given value of b, the extension of soft and high damping zones from their mathematical values increases with the decrease in the parameter a as shown in Figure 2 . Decrease or increase in the value of b shifts the damping coefficient curve towards or away from the mean position, thereby decreasing or increasing the practical length of soft damping zone as shown in Figure 3. 
Selection of PDD parameters for vehicle suspension
The five parameters S, c o , h, a and b are required to completely specify PDD. These parameters are to be determined by considering the type of vehicle in which PDD is going to fit. For this purpose, a linear quarter-car model of the selected vehicle is simulated over a random road profile and simulation results are analysed for suspension travel at different vehicle speeds over smooth and rough road profiles. The optimum damping factors corresponding to ride comfort and road holding are obtained by considering the effect of damping on RMS response of the quarter-car vehicle as shown in Figure 4 The total effective length of PDD (2S) is selected on the basis of range of suspension travel or usable suspension stroke. This range of suspension is normally limited by separate bump stops and droop stops. It is essential that the damper should be able to span this entire range to prevent damage to the damper. Hence, the damper must have a minimum fully extended length and a maximum fully compressed length (Dixon, 2007) . The range of suspension travel between bump and droop stops is determined by the static deflection of suspension spring, which is equal to z rst = m g/k = 163 mm for the case of vehicle considered in this study. Gillespie (1992) suggested that the usable suspension stroke must be less than the static deflection of suspension spring and it is around 125-150 mm for small cars. Therefore, selecting S = 60 mm and the total effective length of PDD as 2S = 120 mm, so that there is a margin of 40 mm (20 mm on both sides from mean position) to develop the maximum damping coefficient c m = c 0 h, at full stroke.
The parameters a and b are determined by considering the length of soft zone required and conditions given by equation (14) . The practical length of soft zone S s is selected by considering the suspension travel on smooth and good road with soft damping (ζ = 0.2). The suspension travel on good road at vehicle speed 120 kmph has standard deviation around 4 mm and peak of 12 mm. To take the advantage of soft damping for ride comfort on smooth and good road, selecting S s = 12 mm, which gives z r /S = 0.2. From Figures 2 and 3 and considering a rise of 5% in c 0 as a practical soft zone, a = 1.7 and b = 1 are selected. The preference is given to the least value of a so that the steepness of the PDD curve in transition zone is less and there is a smooth variation of damping coefficient with position. 
Modelling of road excitation

Model of random road excitation
In this study, the spectral model of road, which is proposed by ISO (1995) , is used for generation of road profile and is expressed as,
where z i is the elevation of road profile (m), Ω is the spatial cyclic frequency (cycle/m), S zi (Ω) is the one-sided spatial PSD of road elevation (m 3 /cycle), Ω 0 = 1/2π cycles/m is the reference spatial frequency, Ω L = 0.01 cycles/m and Ω U = 10 cycles/m are lowerand upper-frequency limits, respectively, w is the waviness index, which indicates contribution of short wavelengths (small w) or long wavelengths (large w),
d × 10 -6 m 3 /cycle is the degree of road roughness and d is the index of ISO road class. d = 1, 2, …, 7 corresponding to the road class A, B, . . . G, respectively, in the order of increasing road roughness. It was reported that the elevation of road profile approximately follows a Gaussian distribution. Dharankar et al. (2017) proposed a numerical technique based on the method of SOH for the generation of Gaussian random road elevation profile from its PSD, for the purpose of time domain simulation of vehicle suspension. The advantage of method of SOH is that it allows obtaining any number of successive differentiations of the generated signal without going through numerical differentiation. The generalised formula of method of SOH for generating road profile in spatial domain is,
where z(x) is the elevation of road profile in spatial domain, Z n is the amplitude of nth harmonic, N = (Ω U -Ω L )/∆Ω is the number of frequency bands into which the total PSD spectrum is divided, Ω L and Ω U are lower and upper spatial frequencies in the PSD spectrum (cycle/m), respectively, ∆Ω = width of each frequency band and Ω n = Ω L + ∆Ω (2n -1)/2 is the spatial frequency of nth harmonic, a central frequency of nth frequency band. ϕ n is the phase angle of nth harmonic, independent random phase angles uniformly distributed in the interval [0 2π] and x is the forward distance travelled by vehicle along the path. The amplitude Z n of nth harmonic for ISO road is expressed as, 3 0 2 2 10
Once the road profile in spatial domain is generated using equation (4), the required road excitation in time domain can be obtained as,
where v x is the constant forward velocity of vehicle. In general, equation (6) can be used to generate the displacement, velocity and acceleration excitation signals to vehicle suspension by taking values of m as 0, 1 and 2, respectively. It is to be noted that once the road profile elevation and gradient are generated and saved for the class A (d = 1), it can be used to obtain the profile of successive classes by multiplying a factor of 2 to the previous class.
Model of road bump excitation
A short duration transient bump excitation is realised when the vehicle is moving on an isolated obstacle, which can be modelled as a half sine profile. When a vehicle with constant forward speed v x passes over it, the bump excitation is expressed as,
where Z b and L b are height and length of road bump, respectively. The time taken by vehicle to cross the bump, i.e., bump duration, is
The severity of bump crossing is characterised by three factors; high bump crossing velocity v x , short bump length L b and large bump height Z b . The combined effect of v x and L b is given by bump duration T b , therefore the severity of bump crossing is characterised by a short T b and a large bump height Z b . A non-dimensional vehicle bump speed is defined by the ratio v x ⁄v nb , where v nb is the forward speed of vehicle, which produces bump duration T b equal to natural time period T n = 1⁄f n when crossing the bump. f n is the body heave natural frequency of vehicle corresponding to sprung mass.
The non-dimensional vehicle bump speed is expressed as, (Kropac and Mucka, 2007) . Figure 5 shows the two-DOF linear quarter-car model, which has been widely studied in the literature on vehicle suspension (Dixon, 2007; Lee and Moon, 2006; Kalyan and Padmanabhan, 2009; ElMadany and El-Tamimi, 1990) . It can reveal the important information about ride behaviour, which is useful for designing the suspension spring, damper and tyre stiffness. In this study, the linear suspension damper with constant damping coefficient c is replaced by the non-linear PDD coefficient c(z r ). Figure 6 shows free body diagrams (FBDs) of sprung mass, unsprung mass and tyre at road contact showing dynamic forces only excluding static forces. Wherein, t is the time, m and m u are sprung mass and unsprung mass of one quarter vehicle corresponding to one wheel, respectively, z and z u are absolute displacement of sprung mass and unsprung mass, which are measured with respect to their static equilibrium position, respectively, z i is the road excitation owing to elevation of road profile, z r = z -z u is the relative displacement of sprung mass with respect to unsprung mass, z ru = z u -z i is the relative displacement of unsprung mass with respect to ground, F s and F st are restoring forces owing to suspension stiffness and tyre stiffness, respectively, F d and F dt are damping forces owing to suspension damper and tyre, respectively. Applying Newton's second law of motion to the FBD of sprung mass and unsprung mass, the governing differential equations of motion are,
Non-linear quarter-car simulation model of vehicle suspension
Considering FBD of tyre-road contact as shown in Figure 3 , the fluctuating or dynamic road holding force R hd is expressed as,
When vehicle is stationary and not vibrating, then the static road holding force R hs is equal to total weight of sprung and unsprung masses and is given by,
The governing equations of motion (equations (22) and (23)) completely describe the vertical motion of sprung mass and unsprung mass of a vehicle when it is subjected to excitation owing to irregularities of road profile. This set of equations is applicable for both the linear and non-linear suspension parameters (spring and damper). In general, the equations can be solved numerically, whereas the analytical solution is possible only for linear suspension parameters with harmonic excitation. With linear suspension parameters, the suspension forces are expressed as,
where k and k t are stiffness of suspension and tyre respectively and c and c t are damping coefficient of suspension and tyre, respectively. 
Performance metrics for vehicle suspension system
The three metrics, viz., ride comfort, suspension travel, road holding ability, have been widely accepted for evaluation of basic performance of a vehicle suspension (Dixon, 2007; Dharankar and Hada, 2011; Lee and Moon, 2006; Kalyan and Padmanabhan, 2009; ElMadany and El-Tamimi, 1990) . When road excitation is random, these performance metrics are expressed in terms of RMS response of the corresponding variables. Ride comfort is measured in terms of the absolute acceleration of sprung mass. A non-dimensional parameter RC RMS of the ride comfort is defined as the ratio of RMS of absolute acceleration of sprung mass RMS z to acceleration owing to gravity g.
Suspension travel defines the space required to accommodate the movement of suspension spring between rebound and bump stops, commonly known as rattle space. It is measured by relative displacement of sprung mass with respect to unsprung mass or dynamic deflection of suspension spring. A non-dimensional parameter ST RMS of the suspension travel is defined as the ratio of RMS of dynamic deflection of suspension spring z rRMS to static deflection of suspension spring. The static deflection of suspension spring is, z rst = m g/k.
Road holding ability or vehicle handling is measured in terms of the fluctuation of road holding force of tyre. When vehicle is stationary, the static road holding force R hs is equal to combined weight of sprung and unsprung mass and it fluctuates when vehicle vibrates and the handling performance of vehicle is affected. To measure road holding ability, a non-dimensional parameter RH RMS is defined as the ratio of RMS of dynamic road holding force R hd to static road holding force R hs .
For transient bump excitation, these performance parameters are expressed in terms of the peak responses as,
The improvement of performance of vehicle suspension is evaluated in terms of the reduction in these parameters.
Jerk of sprung mass or at seat level can be considered as a performance metric for the evaluation of vehicle suspension. It is defined as the rate of change of acceleration with respect to time or third time derivative of displacement as .
z In the literature, the jerk is not used for evaluating the vertical vibration performance of vehicle suspension but still it is used in this study as additional performance metric for ride comfort.
Simulation results and discussions
In this study, the quarter-car model with both linear damping and non-linear PDD is simulated over the half sine road bump and the generated random road profile. The simulation is performed by solving the equations of motion (equations (22) and (23)) numerically, using the software Matlab™ for different forward speeds of vehicle along bump and random road profiles. The quarter-car model with both linear damping and non-linear PDD is simulated over the bump road profile. The simulation is performed by solving the equations of motion (equations (22) and (23)) along with bump excitation (equation (19)) numerically, using the software MATLAB for different forward speeds of vehicle. A sample of acceleration time response to bump excitation is shown in Figure 7 , which is used to plot the bump response spectrums as shown in Figures 8(a) -(d) and 9(a)-(d).
From bump response spectrums, it is seen that, in conventional passive suspension with constant damping coefficient, the soft damping provides more ride comfort when compared with the hard damping. But, the soft damping is associated with more suspension travel and fluctuation of road holding force, which is known as ride-handling conflict. The suspension with PDD provides ride comfort of soft suspension and works like a hard damper by giving less suspension travel and fluctuation of road holding force.
It is to be noted that, by observing the bump response spectrums for ride comfort, suspension travel and road holding ability, one should not be overconfident to cross the heighted bumps at high speeds because there is a danger of transmission of very high jerk. Such a transmission of high jerk may cause severe injuries to the passengers, which has also been experienced by us while travelling in a vehicle.
A sample of simulated acceleration time response to random road excitation is shown in Figure 9 (a), which is transformed to frequency domain PSD spectrum as shown in Figure 9 (b). The RMS response is obtained either from time response directly or area under PSD spectrum (Dharankar et al., 2017; ElMadany and El-Tamimi, 1990 ). The authors have verified that the RMS response of linear quarter-car model obtained through time response is same as that of obtained through direct spectral simulation based on harmonic transfer function. The performance metrics defined in Section 5 are obtained from the RMS response and are plotted against vehicle speed as shown in Figures 10-12 .
From performance plots (Figures 8, (9) (10) (11) (12) (13) , it is seen that in conventional passive suspension with constant damping coefficient, the soft damping provides more ride comfort when compared with the hard damping. But, the soft damping is associated with more suspension travel and fluctuation of road holding force, which is known as ride-handling conflict. From equation (24), it can be seen that the acceleration of sprung mass depends on restoring force and damping force. The damping force increases with damping coefficient and suspension velocity, which is at peak near mean position. From time response to random road excitation (Figure 10(a) ), the peak responses observed with linear damping are seen to be smoothed with PDD. Also, the response near resonance is seen to be controlled owing to addition of more damping with increasing suspension displacement (Figure 10(b) ). On smooth road, excitation and suspension displacement and velocity are small, so PDD works like a soft damper and provides ride comfort. On rough road, PDD works like a hard damper by increasing the damping force near the end of stroke and relaxing its peak value at mean position, so provides ride comfort nearly equal to that of soft damper but sprung mass acceleration slightly increases with increase in vehicle speed as shown in Figure 11 (a) and (b). This relaxation of damping force and so sprung mass acceleration is realised from time response and PSD spectrum as shown in Figure 10 (a) and (b). On smooth road, the suspension travel of PDD is more when compared with that of hard damping but from practical view it is on lower side (Figure 12(a) ). On rough road, it is nearly equal to hard damping at low vehicle speeds and decreases towards higher speeds (Figure 12(b) ). This feature of PDD will be beneficial in the applications where vehicle needs to run on rough terrains at higher speeds. The results of road holding ability (Figure 13(a) and (b) ) are similar to that of suspension travel (Figure 12(a) and (b) ) and there is a limited scope to improve the road holding ability between soft and hard damping levels.
Conclusions
A detailed analysis of PDD curve is presented and its parameters are estimated by considering the characteristics of road excitation and vehicle vibration. The damper with PDD characteristic can be designed for vehicle suspension such that it works like a soft damper at low amplitude high frequency and like a hard damper at large amplitude low-frequency motion of suspension. It is shown that the passive PDD has potential to improve the performance of vehicle suspension by minimising the ride-handling conflict, which is inherent to passive suspension with linear damping. The results of this study will be helpful for designing the passive suspension dampers with intentional position dependency of damping coefficient.
A methodology is presented for time domain simulation, analysis and performance evaluation of vehicle suspension with transient bump and random road excitations. Since PDD is a kind of non-linear damping, the direct spectral simulation based on transfer function approach is not possible. Therefore, performance evaluation through time domain is of importance. The time domain simulation is carried out by solving the non-linear differential equations of motion numerically using the software Matlab. The performance improvement is realised through reduction in the performance parameters, viz., ride comfort, suspension travel and road holding ability.
This study suggests that it is appropriate to generate the road profile first in spatial domain and then simulate the vehicle at a given speed over this profile to obtain the time domain solution. This approach has advantages such as reduction in simulation time, use of same profile for comparing the simulation results of suspension with different parameters and the statistical properties of road profile can be ensured well before simulation.
